Cyclin-dependent kinases (Cdks) are serine/threonine kinases that play essential roles in proper control of cell cycle progression. They exert their functions by phosphorylating and modulating the functions of target proteins that are pivotal to each step of cell cycle progression. In mammals, more than ten Cdks, which are structurally related with one another, have been identified, and most Cdks associate with corresponding co-factors, designated as cyclins (Cyc), that are necessary for the kinase activity. Cdks can be categorized into three major groups according to their functions. The first group (G 1 /S-phase Cdks), consisting of Cdk4/CycD and Cdk2/CycE, is required for G 1 /S phase transition, and they act by phosphorylating retinoblastoma (Rb) protein at multiple sites. Unphosphorylated or hypo-phosphorylated Rb suppresses G 1 advance by binding to E2F transcription factors (inactive E2Fs), but once hyper-phosphorylated, they dissociate from E2Fs (active E2Fs), which drive the expression of genes required for G 1 /S-phase transition and initiation of DNA synthesis. 1, 2 The second group (S/G 2 -phase Cdks), consisting of Cdk2/ CycA and Cdk1/CycA, inhibits DNA over-replication to ensure that DNA is replicated exactly once in a single cell cycle. 3, 4 Their Recent studies have shown the involvement of cyclin-dependent kinase 5 (Cdk5) in cell cycle regulation in postmitotic neurons. In this study, we demonstrate that Cdk5 and its co-activator p35 were detected in the nuclear fraction in neurons and Cdk5/p35 phosphorylated retinoblastoma (Rb) protein, a key protein controlling cell cycle re-entry. Cdk5/ p35 phosphorylates Rb at the sites similar to those phosphorylated by Cdk4 and Cdk2. Furthermore, increased Cdk5 activity elevates activity of e2F transcription factor, which can trigger cell cycle re-entry, leading to neuronal cell death. A normal Cdk5 activity in neurons did not induce e2F activation, suggesting that Cdk5 does not induce cell cycle reentry under normal conditions. taken together, these results indicate that Cdk5 can regulate cell cycle by its ability to phosphorylate Rb. Most importantly, increased Cdk5 activity induces cell cycle re-entry, which is especially detrimental for survival of postmitotic neurons.
substrates include DNA licensing factors, such as Cdt1, Cdc6 or Mcm4, and phosphorylation of these factors by Cdks inactivates them either by degradation or exclusion from the nucleus. The third group (M-phase Cdk), Cdk1/CycB, phosphorylates proteins such as lamins, condensin, separase, among others, which are required for mitosis. 5 Cdk5 is a unique member of the Cdk family that plays a role in various neuronal functions, including neuronal migration, 6 neurite extension, 7 synaptic plasticity, 8 neuronal differentiation, 9 neuronal cell death [10] [11] [12] and pain signaling, [13] [14] [15] and it has been generally considered that Cdk5 is not involved in cell cycle regulation, because it is mainly active in postmitotic neurons in which cell cycling activity is normally absent. Furthermore, unlike other Cdks that are mainly localized in the nucleus, it has been reported that primary intracellular localization of Cdk5 in neurons is in the cytoplasm and membrane. Instead of cyclins, p35 and p39 are required for Cdk5-kinase activity. A number of substrates of Cdk5 have been reported, which potentially explain how Cdk5 deficiency results in defective neuronal migration, leading to abnormal cortical layer patterning, 6 impaired differentiation of neurons 9 and impaired neuronal survival. 10 aberrant cell cycle re-entry and cell death. 28, 29 Tsai's group reported that over-activation of Cdk5 by p25, a calpain-mediated cleavage product of p35, resulted in cell cycle activity in neurons along with DNA damage response, leading to neuronal cell death. [30] [31] [32] It is also reported that β amyloid protein and Cdk5 activity synergize to induce neuronal cell death, 33 and cell cycle re-entry underlies this phenomena. 34 It is now becoming more evident that cell cycle re-entry and cell death of neurons are closely linked to each other, although the mechanism is not clear. 35 In human neurodegenerative diseases, including Alzheimer disease (AD) and Parkinson disease (PD), ectopic expression of cell cycle-related proteins is reported. 36, 37 Although it needs to be further addressed whether cell cycle activity in neurons causally induces cell death, it is very likely to be so, because cell cycle re-entry precedes apoptosis in neurodegenerative diseases, and cell cycle activity is not usually observed in postmitotic neurons in normal conditions. Since a possible link between Cdk5 activity and pathogenesis of AD has been reported, 38 it is important to elucidate the mechanism underlying involvement of Cdk5 in neuronal cell death.
In this study, we report that Cdk5 is capable of phosphorylating Rb protein at multiple sites in the nucleus, and over-activation of Cdk5 increases E2F transcription factor activity, whereas normal Cdk5 activity does not. Because E2F activation is a key event triggering cell cycle re-entry, our results raise the possibility that cell cycle re-entry by over-activated Cdk5-Rb-E2F pathway serves as one of the mechanisms underlying neuronal cell death in neurodegenerative diseases.
Results
Presence of Cdk5/p35 in the nuclear fraction in mouse brain. Unlike other members of the Cdk family, Cdk5 was thought to be localized mainly in cytoplasm and membrane but not in the nucleus, which is a discrepancy with recent reports showing the involvement of Cdk5 in cell cycle regulation. 9, 21, 23, 27 Thus we first reexamined the intracellular localization of Cdk5 by biochemical fractionation of mouse brain into cytoplasmic, nuclear, membrane and cytoskeletal fractions. We examined brain samples from 1-year-old mice in which the neurons are completely differentiated and also from embryonic 17-day-old (E17) mice in which the majority of the neurons are post-mitotic, and Cdk5/ p35 is becoming more dominant than Cdk4/cyclinD. Although the majority of Cdk5 was detected in cytoplasm and membrane, there was also a detectable amount in nucleus both in adult and in E17 mouse brain ( Fig. 1A) . p35, a co-activator of Cdk5, was also detected in nuclear fraction ( Fig. 1A) . Cdk4, which is not active in differentiated neurons, was undetectable in nuclear While many Cdk5 substrates localize in the cytoplasm or on the membrane, there are also nuclear substrates of Cdk5. [16] [17] [18] [19] [20] [21] Recent studies have also shown involvement of Cdk5 in cell cycle regulation. Lee's group reported that Cdk5 and p35 might be involved in centrosome-mediated cell cycle events. [22] [23] [24] Herrup and colleagues examined the role of Cdk5 in the control of cell cycle in neurons, showing that Cdk5 negatively controls the cell cycle in neurons, [25] [26] [27] and its pathological deregulation leads to out whether Cdk5 phosphorylates Rb protein, which is the major substrate of Cdk4 in proliferative cells. We took advantage of Cdk5-knockout mice (Cdk5 -/-) generated previously in our laboratory 6 and analyzed the phosphorylation status of Rb protein using an antibody that recognizes Rb protein phosphorylated at Ser780. 40 As Cdk5 -/mice die at birth, brain samples from E17 mouse embryos were used. As shown in Figure 2A , the phosphorylation of Rb at Ser780 was significantly decreased in Cdk5 -/mice as compared with wild-type (Cdk5 +/+ ) or heterozygote (Cdk5 +/-) mouse brains. When the Cdk5 -/and Cdk5 +/+ brain samples were fractionated into cytoplasmic and nuclear fractions, Rb phosphorylated at Ser780 was detected only in the nuclear fraction from Cdk5 +/+ brain and was absent in Cdk5 -/brain samples (Fig. 2B) . These results indicated that Cdk5 significantly affects the phosphorylation status of Rb.
Next we sought to find out whether Cdk5 directly phosphorylates Rb protein. For this purpose, we used purified Rb and Cdk proteins. As most of the key phosphorylation sites of Rb are in the C terminus, 2,41,42 we first used a synthesized Rb-C terminus fragment (aa 773-928) and performed in vitro phosphorylation fraction of mouse brain at E17 and barely present in 1-year-old ( Fig. 1A) . Next, we sought to find out whether Cdk5/p35 in the nucleus has any functional activities. Cdk5 was immunoprecipitated from cytoplasmic, nuclear and membrane fractions of E17 and adult mouse brains and was subjected to a kinase assay in vitro, in which the Cdk5 activity was evaluated by its ability to phosphorylate Histone H1. Cdk5 was active in all three fractions ( Fig. 1B) . Notably, the relative activity of Cdk5 (Cdk5-kinase activity compared with Cdk5 amount) was higher in the nuclear fraction compared with the cytoplasmic fraction both in adult cerebrum and in E17 whole brain. Rather high expression of p35 in the nuclear fraction may explain this phenomenon. Altogether, these results show that Cdk5/p35 complex is present and active in the nuclear fraction of mouse brain.
Cdk5 phosphorylates the cell cycle regulator Rb protein. During development, neurons differentiate from proliferative progenitors to terminally differentiated post-mitotic mature neurons. In neuronal progenitors, Cdk4 regulates cell cycle. 39 Since we found that Cdk5 but not Cdk4 is present in the nuclear fraction of mouse brain at E17 (Fig. 1A) , we next sought to find phosphorylation sites. There are 16 Ser/Thr sites on Rb-protein that are potential Cdk targets. 42 Among them seven are on the C terminus (aa773-928) ( Table 1 , upper). 42 Mass spectrometry analysis showed all seven C terminus sites were phosphorylated by Cdk5. The overall result, except for a few differences ( Table 1 , * and # ), was similar to the western blot in Figure 3 , which further confirmed that Cdk5 can phosphorylate Rb-C terminus as potent as Cdk4 and Cdk2.
Cdk5 is the main kinase of Rb in vivo. It was earlier shown that Cdk5 phosphorylates Rb protein in vitro, but this could be merely due to its structural similarity with Cdk2 or Cdk4 and does not necessarily mean that Cdk5 physiologically serves as the main kinase of Rb in vivo. To address this question, we performed phosphorylation reaction of a synthesized human-Rb full-length protein (aa 1-928) with brain extracts from either Cdk5 +/+ and Cdk5 -/-(E17) or p35 -/-(adult) mice. Cdk5 -/mice die before or at birth, but p35 -/mice survive and have significantly reduced Cdk5 activity. 44 To distinguish from intrinsic Rb phosphorylation, a human specific antibody for phospho-Rb with active forms of Cdks (Cdk5/p35, Cdk5/p25, Cdk2/cyclinE and Cdk4/cyclinD) to assess the phosphorylation status of Rb at Ser780, Ser795 and Ser807/811. 43 Cdk4/cyclinD showed low kinase activity (Fig. 3A) , probably reflecting its function as spearhead that triggers Cdk2/cyclinE activity. In contrast, the ability of Cdk5, either co-activated by p35 or p25, to phosphorylate Rb protein was comparable to Cdk2/cylinE (Fig. 3A) . This was further confirmed by using a full-length Rb (aa 1-928) in the presence of active Cdks (Cdk5/p35 and Cdk2/cyclinE). Here again, direct phosphorylation of Rb by Cdk5 was comparable to that of Cdk2 (Fig. 3B) . In this in vitro assay, all the Rb-protein was phosphorylated as shown by the complete mobility shift of Rb ( Fig. 3A and B) , while Rb in brain sample showed a single band ( Fig. 2A, 110 kD) without a mobility shift, suggesting that only a small portion of Rb is phosphorylated in vivo.
As commercially available phospho-specific antibodies of Rb were limited to Ser780, Ser795 and Ser807/811, we subjected the phosphorylation reaction products of Rb (aa 773-928) and active Cdks to mass spectrometry analysis to examine other Reactions products of synthesized Rb-C terminus (aa 773-928) and active Cdks (Cdk5/p35, Cdk5/p25, Cdk2/cycline and Cdk4/cyclinD) were subjected to mass spectrometry analysis. All the seven phosphorylation sites of Rb-C terminus (sequence in upper) was phosphorylated by Cdk5. o, phosphorylation sites detected by mass spectrometry; *, phosphorylation was detected by western blotting; #, phosphorylation was not detected by western blotting. together with vectors coding either wild-type Cdk5, dominantnegative Cdk5, p35, p25 or control EGFP. Overexpression of p35 or p25, which increases Cdk5 activity, induced significant activation of E2F. Interestingly, expression of dominant-negative Cdk5, which suppresses Cdk5-activity ( Fig. S1) , did not affect E2F activity (Fig. 5) . This suggests that at a normal level of Cdk5 kinase activity, E2F activity is at a basal level that does not activate the downstream signaling, and thus it remains unaltered by suppression of Cdk5 activity. Altogether, these results indicated that increased Cdk5 activity activates E2F, while in a normal condition, Cdk5 does not affect the activity of E2F even though it phosphorylates Rb (Fig. 6) .
Discussion
This is the first study to assess the causal link between E2F transcription factor activity and Cdk5-mediated Rb phosphorylation. We have shown that Cdk5 phosphorylates Rb protein and when Cdk5 is overactivated the Rb phosphorylation reaches to the level that triggers E2F activity.
(Ser 807/811) was used for detection. Although phosphorylated Rb-protein at Ser780 was detected only in the nucleus in vivo (Fig. 2B) , the ability to phosphorylate Rb-protein at Ser807/811 for Cdk5 was also found in cytoplasm, nucleus and membrane fractions of E17 mouse brain, and it was rather dominant in the nucleus of the wild-type adult mouse brain (Fig. 4) . In a striking contrast, phosphorylation of Rb was not detected in Cdk5 and p35-deficient mice (Fig. 4) , which strongly suggested that the phosphorylation of Rb in wild-type mice, at E17 and 1-y-old was mainly dependent on the Cdk5 activity.
Cdk5 regulates Rb-E2F pathway. The physiological role of Rb protein is to regulate cell cycle by switching "ON" and "OFF" the transcription factor E2F. E2F was present in the nuclear fractions of the brains from E17 and adult mice (Fig. 1A) . Dephosphorylated Rb protein binds to E2F and turns it "OFF," while phosphorylated Rb protein dissociates from E2F and turns it "ON." Our next question was whether Cdk5-dependent Rb phosphorylation activates E2F. To address this question, we designed an assay using a probe that codes firefly luciferase at the downstream of E2F target sequence (E2F-luc) (Fig. 5) . E2Fluc was transfected into primary cultured rat cortical neurons ( Fig. 5B; p25) . The possible implication is that the degree of Rb phosphorylation could be higher in pathological condition than in normal condition. And although one of our experiments showed that Cdk5/p35 is able to phosphorylate Rb protein, probably only pathologically activated Cdk5/p25 reaches to the level that turns Rb-E2F pathway "ON" to affect cell cycle regulation.
Cdk5 in normal condition. We also have shown that Cdk5 is the main kinase that phosphorylates Rb protein in normal brain. As mentioned above, Cdk5-mediated Rb phosphorylation can lead to neuronal cell cycle re-entry underlying neurodegenerative diseases. However, it is unlikely that Cdk5 is an absolute harm in post-mitotic neurons, of which the only role is to promote cell cycle reentry. In fact, its neuro-protective effect has also been revealed. Recent study has shown that Cdk5 suppresses cell cycle re-entry in a kinase-activity-independent manner, thereby protecting neurons from cell death. 9, 27, 47 On the other hand, our data showed that neurodegenerative effect of Cdk5 is brought by its kinase activity (i.e., phosphorylation of Rb-protein). Taken together, the role of Cdk5 in neuronal survival is bi-functional. 48 Is Cdk5 different from other Cdks? Despite previous studies showing the functional distinction of Cdk5 from other Cdkfamily members, here we have shown that Cdk5 shares common features with Cdk2 and Cdk4, at least regarding Rb phosphorylation. It is possible that Cdk5 shares common substrates besides Rb with other Cdks. Some Cdks also function as cell cycle suppressors under certain circumstances. 49 Thus Cdk5 may also serve as a cell cycle suppressor under normal condition, by sharing common substrates with the Cdks.
In summary, we have shown that Rb-E2F pathway can be activated by Cdk5. In this study we have not directly shown the link of Cdk5-Rb-E2F. Instead our data have shown the links of Cdk5-Rb and Cdk5-E2F. Together with the results from previous studies showing a degree-dependent positive correlation of Rb phosphorylation with E2F-activity, 46 our data indicates that when Cdk5 is hyper active (Cdk5/overexpressed-p35 or Cdk5/p25) Rb is phosphorylated to the degree that activates E2F, which explains at least one of the mechanisms of neurodegenerative diseases.
Materials and Methods
Animals. Cdk5-knockout mice 6 and p35-knockout mice 44 were generated as previously reported. All of the animal procedures were conducted in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals.
Western blot analysis. Protein extracts of mouse brain were obtained by homogenizing dissected whole brain (E17) or cerebrum (1-y-old) in lysis buffer [T-PER (Thermo Scientific) supplemented with Complete Mini protease inhibitor cocktail Cdk5 in pathological condition. The neuronal network of the brain consists of mature neurons that are post-mitotic and terminally differentiated. Several lines of evidence suggest that if mature neurons happen to re-enter the cell cycle, they are subjected to cell death. 36, 37 Once mature neurons die, they are not replaceable by newly generated neurons. Thus re-entry of the cells into the cell cycle is a huge disadvantage in the brain. Indeed, cell cycle re-entry of mature neurons seems to lead to neurodegenerative diseases, such as AD and PD. 36, 37 Cdk5 is specifically expressed in mature neurons, and its involvement in Rb-mediated cell cycle regulation has been suggested by Hamdane et al. using p25-inducible neuroblastoma cell line. 18, 45 p25 is a proteolytic product of p35 by calpain, which exists only under a pathological condition. Here, in our study, we demonstrated that even a physiological form of active Cdk5 (Cdk5/p35) phosphorylates Rb in normal mouse brain. Also using E2F-luciferase assay, we have shown that over-activation of Cdk5 leads to the activation of Rb-E2F pathway in primary cultured neurons. Intriguingly, E2F remained "OFF" with physiological level of Cdk5 activity even though Rb protein was phosphorylated. Accordingly, downregulation of Cdk5 did not affect the downstream of E2F. This suggests that there is a state in which Rb protein is phosphorylated but E2F is inactive, and there seems to be a threshold of Rb phosphorylation-level to activate E2F (Fig. 6 ). The proposed model in Figure 6 implies the relation between the degree of Rb phosphorylation and its binding with E2F, in terms of Cdk5-activity. Previous studies have shown that the activity of E2F is positively correlated with the degree of Rb phosphorylation. 46 Our data have shown that (1) Cdk5 phosphorylates Rb-protein ( Figs. 2-4 ) even under normal condition (Fig. 2) , and (2) E2F is not activated under normal condition ( Fig. 5B; wtCdk5) but is activated when the activator is overexpressed (Fig. 5B; p35) or hyperactive and PhosSTOP phosphatase inhibitor cocktail (Roche Applied Science)]. In the indicated experiments, the samples were fractionated into cytoplasmic, nuclear, membrane and cytoskeletal fractions using Compartment Protein Extraction kit (Millipore) following manufacturer's protocol. The samples were then separated by SDS-PAGE and transferred to a nitrocellulose membrane (Invitrogen). The membrane was blocked with 5% skim milk and 0.05% Tween 20 in PBS for 1 h at RT and incubated with a primary antibody overnight at 4°C. Primary antibodies used were as follows: anti-Cdk5 (C-8), anti-Cdk4 (C-22), anti-p35 (C-19), anti-Rb (C-15), anti-PMCA (H-300) (1:250-1,000 dilution; Santa Cruz Biotechnology), anti-E2F1, phosphospecific anti-Rb (Ser780), phospho-specific anti-Rb (Ser795), phospho-specific anti-Rb (Ser807/811) (1:1,000 dilution; Cell Signaling Technology), anti-αTubulin (DM1A) (1:20,000 dilution; Sigma), anti-GAPDH (ab9485) (1:2,500 dilution, Abcam) and anti-NeuN (A60) (1:500 dilution, Millipore). After washes, the membrane was incubated with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology) for 1 h at RT. The blots were then detected by Super Signal West Pico reagents (Pierce) on Scientific Imaging Film (Kodak). For quantification, the intensity of the blots was measured with ImageJ software and statistically analyzed with Student t-test.
Cdk5 kinase assay. Fifty micrograms of protein samples were immunoprecipitated with either 2 μg of anti-Cdk5 (C-8) or control rabbit IgG (Santa Cruz Biotechnology) by overnight incubation with 25 μl of Protein A/G PLUS-Agarose (Santa Cruz Biotechnology) at 4°C and washed 4 times with cold PBS buffer and once with reaction buffer (20 mM Tris-Cl pH 7.4, 10 mM MgCl 2 , 1 mM EDTA, 100 nM ATP, 1 mM DTT) followed by incubation with the substrate (10 μg of Histone H1) and 0.5 mM (5 μCi) of [γ-32 P] ATP (DuPont NEN) in reaction buffer for 30 min at 30°C. The reaction products were then separated by SDS-PAGE followed by detection of 32 P-labeled Histone H1 by autoradiography on Scientific Imaging Film.
Rb phosphorylation assay. One microgram of Human Rb-C terminus peptide (aa 773-928, Millipore) or Human Rb full-length purified protein (Abcam) were incubated with either 0.05 μg of Cdk5/p35, Cdk5/p25, Cdk2/cyclinE (Millipore), Cdk4/cyclinD (Cell Signaling Technology) or 30 μg of fractionated proteins from mouse brain in phosphorylation reaction buffer (20 mM Tris-Cl pH 7.4, 10 mM MgCl 2 , 1 mM EDTA, 5 mM ATP, 0.5 mM DTT) at 30°C for 1-3 h.
Mass spectrometry analysis. The reaction products of Rb-C terminus peptide (aa 773-928) with either Cdk5/p35, Cdk5/p25, Cdk2/cyclinE or Cdk4/cyclinD were subjected to mass spectrometry analysis as described earlier in reference 50.
E2F luciferase assay. Cortical neurons dissociated from E18 rat and cultured for 4 d were co-transfected with either E2F responsive firefly luciferase (E2F-luc) or non-inducible firefly luciferase (negative control) reporter plasmids (E2F Cignal Reporter Assay Kit, Qiagen) and plasmids encoding either Cdk5, dominant-negative Cdk5 (Fig. S1) , p35, p25 or control EGFP using Lipofectamine 2000 transfection reagent (Invitrogen). Briefly, 1 x 10 6 cells in 35 mm dish were transfected with 1 μg of luciferase vector and 1 μg of Cdk5 or p35 expressing vector, and 48 h post-transfection, reporter activity was measured by Dual reporter luciferase assay kit (Promega) following manufacturer's protocol. The measurements were normalized intra-and intercellularly with renilla luciferase activity and negative control, respectively.
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